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ABSTRACT é 77{ - :
This report presents experimental resonant frequencies and damping’

ratios for 45°, 60°, and 90° compartmented tanks. | These are presented for_“

various sector wall conhguratlons and translanonal excitation amplitudes,
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LIST OF SYMBOLS .

2 . Longitudinél acceleration of tank

ci ‘ Cy'lindrical tank diameter

dy, Perforation hole diameter

h Liquid depth to Sottom roft tank

Xo ' Tank'exc‘itation'arhplitdde in traﬁslaﬁon

wld/a Dimensionless frequency parameter

Damping ratio




INTRODUC TION

The increasing deménd for large missiles has inherentiy brought
with it an increased demand for tanks with greater capacities of fuel and
oxidizer. Clustérirng the tanks has provided this necessary capac;ty and;
in so doing,. has resultefi in a comparably higher liquid slosh resonant
frequency than found in atsingle tank for a missile with the same fine ness
ratio. This increase in slosh resonant frequency is generally desirable '_
m that ‘it kéeps the liquid sloshing resonznt and bendihg férces from goupling
with the automatic cc;ntrol system and structural modes. Compartmenting
a single tank also results in this added advantage.

This report gives the liquid slosh resonant frequencies and damping
ratios that can be at.t,ained by compartment-ing a cyliﬁdri;al tank, It is
also intended to show the increase in damping ratio which can be attailned

by the use of perforated sector walls, together with their limitations.




TANK CONFIGU RATIONS

Three compartmented flat-bottom cylihd;'ical tanks are considered
in this report - the tanks being compartmented into equal sectors of 45°,
60°, and 90°. The vertical sector walls extend from well above the iiquid
surface to the tank boﬁtom. Several wall materials are considéreq,
varying from vsolid to perforated stocks of different hole diameter perfora-
tions aﬁd peri"cent openings. The tests were conducted under a gravity
axial acceleration field and at a liquid depth equal to the tank diameter
(h/ad = 1).

In all cases, the tank was force exciied throuéﬂ a. frequency range
which included the two lower resonant frequencies (i ,2)%. The direction
of translational excitation relative to the sector walls is as shown in
Figure 1. All the tests were conducted for three values of translational
excitation arnpli"w.de (xo/d), using the same facility and methods employed

in (3).

*Numbers in parenthesis refer to the References given at the end of this
report. -




LIQUID RESONANT FREQUENCIES

Computation of the liquid natural frequencies for sectored cylindrical
tanks has been carrjle:d~ out as presented in (1); however, the effect of transla-
tional excitation a.mplitude on the natural frequencies cannot be accounted
for in the computations, and it is this excitation amplitude which causes a
significant difference between the theoretical and expefimental natural
frequencies, Previous exnloratory experiments in compartmented cylin-
drical (1, 2) and in spherical tanks (4) have indicated that the theoretical
nat_urral frequencies can be approached only for small valués of excitation
amplitude (xg/d < O,;00187).; for values greater than thié, a significant

‘decrease in natural frequencies exists with increase in excitatw';on amplitude.

‘The liquid natural frequencies presented in this paper are the lowest
resonant frequencies measured for the 45°, 60° and 90° compartmented
tanks undergoing translational excitation. Figufe'z shows the theoretical
natural frequencies and the experimental resonant fréquencies versus
translational excitation arhplitudes for sector tanks of‘sélid wall configura-
tion. The theoretical natural frequencies-are shown‘a.t xo/d = 0. It can be
seen from the results pi'esented that the prediéted natural frequencies ar:
approached only at the reduced yalues of transiational excitation,

Because of the complexi:ty of the liquid sloshing in sector tanks with

perforated walls, several figures are presented to illustrate the nonlinearities




that exist, Figures 3, 4 and 5 show the results obtained with water as the
test liquid and a translational excitation amplituée of xg/d = 0.00417, The
three-dimensional plots which follow in the rgmaining figures represent
the change in resonant frequency versus the hole size and percent of
sector wall perforation in the 45°, 00° and 90° sect'or tanks, respectively,
The liquid resonant frequency in perforated sector tanks is 1éfge1y affected
by the amplitude of translation, more so in fact, because of the intermixing
of liquids from ore sector to another. To account for the flow of liquids
through the perfo.rations‘, tests were also conducted using methylene chloride
“as the test liquid. The lower viscositgy apparently increases the liquid
flow through perforations with considerable effect on the resonant frequencies.
Pcrforated baffles are widely used for liquid d;mping (5), but
their effect cn the natural frequency can be"more detrimental than the
advantages gained frorh damping. The decrease in resonant frequency can
bg noted in Figures 3, 4 and 5 for an increase in perforated hole s‘i‘ze and
percent ot open area. Because of the corﬂpléxity of the test results, various
raeans of presenting the data were studied with the best results o.bt"ained’by
plotting the dimensionless resonant frequency pa;ram(;,ter (w?d/a) versus an
equivalgnt Reynolds number* based on perforation hole size and transla-

tional excitation amplitude,

*The numerical values of the Reynolds numbers presented in {2) have
peen found to be in error and should be disregarded.




The results of these tests are presented in Figures 6, 7 and 8.
Figure 6 presents the results for a 45° sector tank having perforated
sector walls of 23 percent andr30 percent open areas. [t can be seen from
these rcsults that the value of resonant frequency can be maintained equal
to or’.greater than that of solid wall sectors up to a Reynolds number of
-50, 000 for the ZS% open area sector wall, and to a Reynolds num'bei' of
20,000 for the 30% open area sector wall, Abovg these Reynolds numbers,
the rescnant freqﬁencies drop to values correspond‘ing to experimental
resonant frequencies for an uncompartmented cylindrical tankl, »

Figure 7 présenjcs the results for the perforated wall 60° sector
tanks. The value of the resqnant frequency cox;respond'mg to the solid
sector wall ié seen to exist up to a Reynolds number of about 9,000 for the
23% perforated wall, and 1t a Reynolds number less than 4, 000 for the
30% open é'rea sector wall, The corresponding plot for the 90° perfo ratedv
wall sector tanks are presented in Figure & The resonant frequency of
the 23% and 30% cpen area sector wall tanks agrees with the solid sector
resonant frequency to anReynolds number equal to 24, 000;1 above thig
Reynolds number, the fr'equency‘ drops oif to‘a value corresponding to the

uncompartmented cylindrical tank.




LIQUID DAMPING

Solid Walls
The démltz».ing of liquid sloshing at the resonant frequency for the
457, 6(-)°‘, and 90°, solid wall compartmeptéd cvlindrical tanks is low,
o vaveAr'aging a;;proximately 0. 04 However, at frequencies below the resonant
v.alue,; the liquid sloshing is e¢ffectively d.'allmped.

Perfo réted Sector Walls

Because or t}hie relativély low da;i)ping pfpduc.ed 'by solid wall com-
partmentation, an experime;;tal fést program w#.s conducted using various
: per‘fgr_'ated materi?.ls as ther dividing wall partit_ibns. T.est; were c'ondu-.ct;—:dv
with perfc;rfated hole’ si;e§ v:arving:from 0.620 in. to 0.079 in.:and'of
various-percent of open area, ranging from 8 to 30%. Tcst results obtained
indicated a"]\\ai‘ge’ nonlirear.effect on liquid resonantAfreq'uency and &amﬁiug
ratio.. The 1iqu.id viscosity and excitation ai'nplitlide have as l;rge an effect

on the liquid resonant frequencies and damping ratios as do the perforated

> hole size and percent of open area.

In general, the results obtained indicate that perforated partition
T , S

‘with less than 10% open area will increase th'e damping ratio to approxi-
‘mately 0.1, while maintaining a liquid resonant frequency corresponding

to a solid wall compartmented tank, For ﬁéﬁrtitions with open areas

greater than 10%, the damping.p'roduc‘:erd is greater than 0.10, but the

-
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corresponding liquid resonant frequencies approach that of an uncompart-
mented cylindrical tank.

Attempts to present the damping ratios vs Reynolds number, or

~other variogs parameters which include the factors aifecting the da:nping,.'
failed to yield an effectivel picture of this ébmplex Adbata. | The best fhat
céuld be done is sémiething such as that shown in Figure 9 whichis a three-
dimensional plqt of the damping ratio vs the dimen_sionléss resonanf fre-

; quency p¥arameter, de/_a, and the pércgntaée of opép_.;.ettor area for a

4;)’ sectored tank. The- results pres_;ntgd are for three values of excita_i:ifdn
amplitude, x,/d, with water and mé..thylex;;g chloride as the test liciuid."
From these résults, it can Se seen that thé maximum damping 1s produced
for se;:tors with open areas of 167to vZS%.ﬂ ‘However, 't};xe excitation ampli_.'—
tude niﬁst be quite large to maintain"‘the reéopant frequencjy corresponding
to solid 's'ertpr‘walls. Additional tests wi;h sectoré of smallér hole rat_ios~
(dhld = 0.00139 and 040-027'.8)‘ and open areasv up to 23% increased‘ iheﬂ
damping ratios to an averaige valué of 0.15 while mai.ntainil_ng a frequenéy
corresponding to the solid wall sector tank. Abo'\(e"2'3%70pen area, the

results become inconsistent in frequency and damping ratio.

Test results for the 60° sector tank with perforation hole ratios =
. 0.0056 arc presented in Figure 10. From these results, it can be seen-
that increased damping ratics at frequencies corresponding to the solid

‘sector wall exist only for perforated sectors of 8 to 16% open area,




depending on the excitation amplitude. Additional tests with smaller pér-
foration ratios (dp/d = 0.00139 and 0.00278) yieldéd mean damping ratios
of approximately 0,12 at 16 to 23% open sector area, depending on excita-
tion amplitude. The lower percent open area corresponds to the lower
excitation amplitudes. Figure 11 presénts similar data for the 90° sector
tanks. It can be seen that sectors with perforation ratios dn/d = 0,0056
lose their compartmentation effect .at small excitation amplitudes; however,
tests with sector v;/alls having perforatibn ratios of dh/d =0.,00139 and

0 00278 and up to 30% open area produced mean damping ratios of 0.12 at
frequencies corresponding to the solid secto‘r wall for translétional excita-
tion amplitudes of xo/d = 0.00417 and 0.00833, Tests at excitation ampli-
tudes xo/d < 0,00417 corresponded-to results similar to the solid sector
for perforated walls with a hole ratio dp/d = 0.00139. The results for the
_ perforated sector wall with a hole ratio dp/d = 0.00279 were inconclusive

and nc consistent damping ratios or resonant frequencies were obtained.




CONCLUSIONS

Compartmenting of cylindrical tanks with solid walls as a means of
increasing the lowest resonant frequency above that of uncompartmented
cylindrical tanks can be realized. The experimental resonant frequencies
appear to agree clbsely with the theoretical values only at small vézlues of
translational excitation amplitudes; for large values of translational excita-
tion amplitude, a significant decrease in resonant frequency exists. The
liquid damping ratio with these solid wall sector tarks averaged approxi-
mately 0. 04.

Ccmpartmenting of cylindrical tanks with perforated walls retains
the compartmented resonant frequency response better for the larger
translational excitation amplitudes. The tank with 45° sectored walls
maintains the compartmented resonant frequency through a larger range
of perforation hole sizes and percent of open areas. However, for lower
amplitudes the resonant frequency decreased to a value which approximated .
the resonant frequen:y of an uncompartmented cylindrical tank for the
three sectored configurations, At the compartmented x;esonant frequencies‘,‘
the liquid damping ratios were about 0. 08 to 0.1, When the resonant
frequencies approximatedthose attained in the uncompartmented tank, thg

liquid damping ratios increased to a range of 0,08 to 0,2.
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LIQUID RESONANT FREQ. w'd/a

FIGURE 5. EFFECT OF PERFORATION HOLE SIZE
AND PERCENT OPEN AREA ON THE
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DAMPING RATIO

90° SECTOR TANK
PERFORATION HOLE DIA. di/d = 0.0056
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FIGURE |I. VARIATION IN DAMPING RATIO FOR
90° SECTOR TANK
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